Activation of thermogenic beige adipocytes has recently emerged as a promising therapeutic target in obesity and diabetes. Relevant human models for beige adipocyte differentiation are essential to implement such therapeutic strategies. We report a straightforward and efficient protocol to generate functional human beige adipocytes from human induced pluripotent stem cells (hiPSCs). Without overexpression of exogenous adipogenic genes, our method recapitulates an adipogenic developmental pathway through successive mesodermal and adipogenic progenitor stages. hiPSC-derived adipocytes are insulin sensitive and display beige-specific markers and functional properties, including upregulation of thermogenic genes, increased mitochondrial content, and increased oxygen consumption upon activation with cAMP analogs. Engraftment of hiPSCderived adipocytes in mice produces well-organized and vascularized adipose tissue, capable of b-adrenergicresponsive glucose uptake. Our model of human beige adipocyte development provides a new and scalable tool for disease modeling and therapeutic screening.
The role of adipose tissue in the regulation of energy metabolism has been recently revisited with the discovery of brown and beige fat in human adults (1) . Whereas white adipocytes store triglycerides, brown adipocytes carry out efficient thermogenesis through mitochondrial uncoupling. A third type of adipocytes, named "brite" or "beige," was recently shown to also dissipate energy upon induction by thermogenic stimuli (2, 3) . Beige adipocytes display a distinct molecular signature and may constitute the majority of energy-dissipating cells in human adults. As thermogenic activity of adipose tissue inversely correlates with the risk of obesity and diabetes (4) , therapies aiming to activate beige adipocytes may offer perspectives to face metabolic diseases.
As prerequisite, robust knowledge of developmental pathways leading to brown or beige adipocytes in humans is paramount (5) . Human induced pluripotent stem cells (hiPSCs) could provide highly relevant models to achieve this goal; however, current protocols of hiPSC differentiation into adipocytes are relatively inefficient. These rely on derivation of mesenchymal stem cells (MSCs) or embryoid bodies before applying an adipogenic stimulus (6) or on overexpression of adipogenic genes (7). These protocols however bypass key adipogenic signaling pathways, hampering developmental and physiological studies.
We report an efficient and scalable protocol to differentiate hiPSCs into beige adipocytes involving successive mesodermal and adipogenic induction steps. This unlimited source of human adipocytes, able to produce well-organized fat after engraftment in vivo, represents a powerful tool to model adipose tissue pathophysiology and develop new therapeutic approaches.
RESEARCH DESIGN AND METHODS hiPSCs and Adipogenic Differentiation
We used hiPSC lines reprogrammed from fibroblasts of three individuals (Supplementary Table 1 ). Mesoderm differentiation was induced on day 0 (D0) in STEMPro34 with 2 mmol/L GlutaMAX (Life Technologies), 50 mg/mL ascorbic acid (Sigma-Aldrich), 10 ng/mL bone morphogenic protein-4 (BMP4), and 25 ng/mL activin A (R&D Systems). On D4, adipose differentiation was induced in DMEM/F12 (Life Technologies) with 10% FCS, 10 mg/mL insulin, 500 mmol/L isobutylmethylxanthine (IBMX), 1 mmol/L dexamethasone, and 50 mmol/L indomethacin (Sigma-Aldrich). Adipocytes were cultured in DMEM/F12 with 10% FCS and 1 mg/mL insulin (D10 to D20).
Transcriptome Analysis
RNA was isolated from hiPSC#1 on D0, D4, D8, D12, and D20 of differentiation and hybridized onto Affymetrix Human Gene 2.0 ST arrays.
Immunofluorescence microscopy, immunohistochemistry, RT-quantitative PCR (RT-qPCR), and Western blot were performed using standard procedures (Supplementary Tables 2 and 3 ). Protein and mRNA extracts from PAZ6 cells, before and/or after 20 days of differentiation, were obtained from Antonio Vidal-Puig (Institute of Metabolic Science, Cambridge, U.K.).
Oxygen Consumption Measurements
Cells were harvested on D20 and transferred to Oxoplate OP96C (PreSens). PO 2 was measured using FlexStation3 (Molecular Devices) supplied with SoftMax ProMicroplate Data Acquisition and Analysis Software.
Adipocyte Transplantation
Ten million hiPSC#1 were harvested on D18 of differentiation (TrypLE Express; Life Technologies), resuspended in a DMEM/F12/Matrigel solution (1:1) containing 10 mg/mL insulin, 100 mmol/L IBMX, 1 mmol/L dexamethasone, and 50 mmol/L indomethacin, and subcutaneously injected in the back of 6-week-old FoxN1
Nu athymic mice (Taconic Biosciences). As controls, 3 3 10 7 hiPSC-derived MSCs differentiated as previously described (8) 
Statistical Analyses
Mean 6 SEM of at least three independent experiments are shown. Significance (P , 0.05) was tested with nonparametric unpaired Mann-Whitney U test unless indicated otherwise.
RESULTS

Adipogenic Differentiation of hiPSCs via Small Molecule-Driven Mesodermal Induction
Adipogenesis and angiogenesis are tightly interdependent during embryonic development and adulthood (9), and human beige adipocyte progenitors proliferate in association with capillary networks (10) . We therefore rationalized that inducing mesodermal differentiation of hiPSCs in a medium supporting hematopoietic differentiation would enhance subsequent white and/or beige adipose differentiation.
To test this hypothesis, we subjected three hiPSC lines (Supplementary Table 1 and Supplementary Fig. 1A -E) to a three-step adipogenic differentiation procedure recapitulating mesodermal induction, adipogenic stimulation, and adipogenic maturation (Fig. 1A) . First, BMP4 and activin A, two mesodermal inducers, elicit differentiation of subconfluent plated hiPSCs. In addition to the decreased expression of pluripotency genes from D0 onwards ( (Fig. 1D) , and transcriptome analysis revealing significant correlations of genes directly implicated in mesoderm development on D4 ( Fig. 1E and Supplementary Fig. 3C ).
Second, D4 mesodermal precursors are subjected to an adipogenic cocktail without thiazolidinedione. From D4 to D12, mRNA expression of the adipose progenitor cell markers PDGFRA, LY6E (human homolog of murine Sca1), CD44, and CD29 increases, whereas CD24 expression decreases, in agreement with an adipogenic commitment (11) (Fig. 1F and Supplementary Fig. 2A) . PDGFRa, CD44, and CD29 proteins are coexpressed, and cells are positive for the proliferation marker Ki67 (Fig. 1G) . Transcriptome analysis reveals consecutive waves of transcriptional activation and repression consistent with recent transcriptome profiling by RNA sequencing in differentiating human primary adipose progenitors ( Supplementary Fig.  3A and B) (12) . Gene set enrichment analysis (GSEA) further indicates that on D8 relative to D4, genes upregulated in hiPSC-derived cells strongly correlate with gene sets upregulated during early adipogenic differentiation (13) (Fig. 1H and Supplementary Fig. 3D ). On D12, the U.] relative to D0; n $ 3 independent experiments; *P < 0.05 relative to D0, Mann-Whitney U test). D: T BOX immunostaining of mesodermal progenitors issued from hiPSC#1 (D4). Nuclei were stained with DRAQ5 (blue). Scale bars = 100 mm. E: GSEA of hiPSC-derived cells on D4 vs. D0 using the mesoderm development Gene Ontology gene set (GO:0007498); n $ 3 experiments. F: Time-course RT-qPCR analysis of expression of indicated genes after adipogenic induction of hiPSC#1 (D4 to D12; mean 6 SEM A.U. relative to D4; n $ 3 experiments; *P < 0.05 relative transcriptome of hiPSC-derived adipose progenitors is remarkably similar to that of adult human primary adipose stem cells (Fig. 1I and Supplementary Fig. 3E ) (14) . Thus, adipogenic induction of hiPSC-derived mesodermal precursors drives the emergence of proliferating adipose progenitors.
High-Yield Adipogenic Differentiation
The third step of differentiation consists of culturing hiPSC-derived adipose progenitors (from D10 onwards) under conditions supporting adipogenic differentiation and maturation. We find that transcripts of CCAAT/ enhancer-binding proteins CEBPA, CEBPB, and CEBPD and of the master adipogenic transcription factor PPARG are robustly induced from D10 to D20 ( Fig. 2A and Supplementary Fig. 2B ). In accordance, the adipose-specific protein isoforms PPARg2 and C/EBPa p30/p42 and the mature adipose proteins insulin receptor (IR), perilipin 1, caveolin 1, and GLUT4 are induced ( Fig. 2B and C) . hiPSCderived adipocytes store triglycerides, as shown by Nile Red, Oil Red O, and BODIPY staining, and respond to insulin through phosphorylation of the IR-b subunit and its downstream target AKT/PKB (Fig. 2C-E) . Collectively, these results demonstrate that hiPSCs efficiently differentiate into functional, hormone-responsive adipocytes within 20 days.
hiPSC-Derived Adipocytes Display a Beige Phenotype In Vitro
Lineage tracing studies identified PDGFRa + cells as bipotential adipose progenitors able to differentiate toward white and beige adipocytes in vivo (15) . Therefore, we examined beige/brown markers expressed from D4 to D20 in hiPSC-derived cells. Remarkably, we note the mRNA induction of uncoupling protein-1 (UCP1) and of the transcription factors PGC1A and PRDM16 that characterize beige and brown adipocytes (5) (Fig. 3A and Supplementary Fig. 2C ). However, progenitor or mature brown adipocyte markers MYF5 or ZIC1 are not detected throughout differentiation (not shown), suggesting that hiPSC-derived cells are not of the brown adipocyte lineage. In addition, the beige adipocyte markers CITED1, TMEM26, CD137, HOXC9, EPSTI1, CAR4, MTUS1, and KCNK3 (16) are upregulated during differentiation ( Fig.  3B and Supplementary Fig. 2D ) and we confirm PRDM16 and UCP1 protein expression by Western blotting (Fig.  3C) . Moreover, PRDM16 and CITED1 proteins are clearly detected by immunofluorescence in nuclei of Nile Redpositive cells (Fig. 3D) . We also compared the expression of the thermogenic markers UCP1 and PRDM16 in hiPSCderived adipocytes and in PAZ6 cells, an established model of human thermogenic adipocytes (17) . Protein and mRNA expression of these markers were comparable in both cell models, studied at baseline and/or after 20 days of differentiation (Fig. 3E) . These results confirm the thermogenic phenotype of hiPSC-derived adipocytes and collectively indicate that hiPSC-derived differentiated cells harbor a beige phenotype.
A key functional feature of beige adipocytes is their capacity to activate a thermogenic program under longterm b-adrenergic stimulation (3). Accordingly, treatment of D20 hiPSC-derived adipocytes with the cAMP analog 8Br-cAMP for 48 h significantly upregulates thermogenic genes, including PGC1A, PRDM16, PPARA, and DIO2 (Fig.  3F) , increases intracellular mitochondrial content and UCP1 staining, and induces a shrinking of lipid droplets ( Fig. 3G and H) . We did not observe any increase in the mRNA expression of UCP1 after 8Br-cAMP stimulation in our model (Fig. 3F) . However, it was previously shown that UCP1 mRNA levels do not consistently correlate with the thermogenic capacity of beige adipocytes (18) . In addition, hiPSC-derived adipocytes display a 2.5-fold increase in oxygen consumption in response to acute 8Br-cAMP stimulation (Fig. 3I) . Thus, hiPSC-derived adipocytes show typical beige functional properties.
hiPSC-Derived Adipocytes Give Rise to Adipose Tissue In Vivo
Subcutaneous injection of hiPSC-derived adipocytes specifically results in the neo-formation of fat pads positively stained for human-specific antibodies (Fig. 4A, B , and G and data not shown). hiPSC-derived adipocytes were organized in a fully differentiated and vascularized adipose tissue, in contrast to tissues formed from hiPSC-derived MSCs (Fig. 4C) . Moreover, hiPSC-derived adipose tissue contains clusters of terminally differentiated beige multilocular adipocytes, as shown by perilipin 1, UCP1, PRDM16, DIO2, and CITED1 staining (Fig. 4D, E, and G) .
In vivo, beige and brown adipose tissues respond to b-adrenergic stimulation by increasing glucose uptake (1) . Accordingly, after acute isoproterenol stimulation, 18 FDG uptake is increased in neoformed pads pretreated with isoproterenol for 7 days (Fig. 4F) . Importantly, in these long-term stimulated pads, UCP1, PRDM16, CITED1, and DIO2 levels are enhanced while the diameter of most adipocytes is reduced and their mitochondrial content is increased (Fig. 4G) , consistent with a b-adrenergic-mediated increase in thermogenic activity.
We describe a straightforward and efficient protocol to derive from hiPSC adipocytes able to form bona fide human adipose tissue of dual white/beige phenotype. hiPSC-derived adipocytes are capable of responding to a to D4; Mann-Whitney U test). G: Immunodetection of markers of adipose progenitors and of cell proliferation (Ki67) on D10. Nuclei were stained with DRAQ5. Scale bars = 50 mm. H and I: GSEA of hiPSC-derived cells using published data sets, with early adipogenesis transcriptomic signatures on D8 vs. D4 (H) and human adult adipose stromal cell signature on D12 vs. D4 (I) (n = 3 independent experiments). U.] relative to D4; n $ 3 experiments; *P < 0.05 relative to D4, Mann-Whitney U test). B: Detection of PPARg1, PPARg2, C/EBPa p30/p42, IR-b, perilipin 1, and caveolin 1 in hiPSC#1 on D0, D10, and D20. b-Actin was used as loading control. Duplicate lanes shown are from duplicate differentiation wells. C: Immunodetection of C/EBPa and GLUT4 in lipidcontaining (Nile Red) adipocytes (hiPSC#1) on D20. Scale bars = 50 mm. D: Oil Red O (left panels) and BODIPY (right panel) staining of adipocyte-differentiated hiPSC#1, hiPSC#2, and hiPSC#3 on D0 and/or D20. Cells were fixed in 3.2% paraformaldehyde for 20 min and incubated for 1 h in Oil Red O (O0625; Sigma-Aldrich) diluted in isopropanol. Scale bars = 100 mm. E: Short-term insulin-mediated phosphorylation of IR-b and AKT/PKB evaluated using phosphospecific and pan antibodies in hiPSC#1 on D20. Differentiated adipocytes were deprived in insulin and serum for 12 h before 10 min incubation in 100 nmol/L insulin (Sigma-Aldrich), and then immediately lysed and processed for Western blotting. Triplicate lanes are from three independent stimulation experiments. U.] relative to D4; n $ 3 experiments; *P < 0.05 relative to D4, MannWhitney U test). C: PRDM16 and UCP1 protein expression on D0, D10, and D20. D: PRDM16 and CITED1 immunostaining on D20 in lipidcontaining (Nile Red) adipocytes. Scale bars = 50 mm. E: Comparison of PRDM16 and UCP1 mRNA and protein expression in hiPSC-derived adipocytes and in PAZ6 cells, at baseline and/or after 20 days of differentiation. F: Relative levels of expression of indicated genes in hiPSC#1-derived adipocytes at D20 treated or not with 1 mmol/L 8Br-cAMP (Sigma-Aldrich) for 48 h (mean 6 SEM A.U. relative to D4; n $ 3 experiments; *P < 0.05 relative to D4; Mann-Whitney U test). Mitochondrial content (MitoTracker) (G) and UCP1 immunostaining (H) in lipid-containing cells (BODIPY or Nile Red, as indicated) analyzed as in F. Cells were incubated with 1 mmol/L MitoTracker Red CMXRos (Life Technologies) for 45 min and fixed with 3.2% paraformaldehyde for 15 min. Scale bars = 50 mm. I: Time-course analysis of oxygen consumption (left) and oxygen consumption rates (OCR; right) in hiPSC#1-derived adipocytes at D20 stimulated or not with 8Br-cAMP (mean 6 SEM; n $ 3; *P < 0.05 relative to control, Mann-Whitney U test). PO 2 values were plotted over time to calculate OCR from the slope. 
18
FDG uptake in neoformed fat pads after hiPSC-derived adipocyte engraftment in immunodeficient mice treated with vehicle (PBS) or isoproterenol (IPR; mean 6 SEM; n $ 3 independent experiments; *P < 0.05 relative to PBS control, Wilcoxon signed rank test). G: Immunostaining of a neoformed fat pad developed from hiPSC-derived adipocytes for UCP1, PRDM16, DIO2, CITED1, and a human-specific mitochondrial marker (targeted by the MAB1273 antibody) in basal (PBS) and stimulated (IPR) conditions. Scale bars = 100 mm.
b-adrenergic stimulation in vivo, indicative of their functional relevance for developmental and metabolic pathophysiological studies of adipose tissue.
DISCUSSION
Metabolically active adipose tissues arise from mesoderm, and intrinsic properties of discrete body fat depots suggest distinct mesodermal origins (5) . A key feature of the adipose differentiation protocol reported here is the derivation of human beige adipocytes after an initial mesodermal induction. Importantly, our protocol is distinct from existing pluripotent cellbased adipogenic protocols by its approach and end point: 1) it relies on a developmental mesodermal induction of hiPSCs rather than a differentiation through the previously described derivation of MSCs (7, 19) ; 2) adipocytes are obtained without overexpression of adipogenic transcription factors, which have been used to force and accelerate adipocyte differentiation by others (7, 20) ; 3) it requires a simple bidimensional cell culture, avoiding the initial derivation of embryoid bodies, which necessitates further selection and cellular dissociation, as performed classically (7, 19, (21) (22) (23) (24) (25) ; 4) it is fast, allowing differentiated adipocytes to be obtained within 20 days, whereas other protocols require at least 48 days (19-25); 5) it leads to functional adipocytes with a beige phenotype and respiratory function; and 6) hiPSC-derived adipocytes can form wellorganized and vascularized adipose tissue in vivo, capable of b-adrenergic-responsive glucose uptake.
Adipogenic induction of mesodermal cells give rise to a progenitor population closely related to adult primary adipose stromal cells (14) and expressing markers such as PDGFRA, LY6E, CD29, and CD44 (26) . Of relevance to the markers examined here, CD29 + human adipose progenitors were recently shown to display strong potential to differentiate toward thermogenic adipocytes in vitro (27) . A Sca1(LY6E) + /PDGFRa + population has also been shown to give rise to both UCP1 + and UCP1 2 cells in vivo in mice (28) , and a PDGFRa + /CD44 + progenitor population can be differentiated into beige or white adipocytes in response to b3 agonists or to a high-fat diet (15) . These studies suggest that white and beige adipocytes could derive from a PDGFRa + common progenitor, although they may also potentially originate from bidirectional differentiation depending on the fat depot (29, 30) . Accordingly, in vitro and in vivo differentiation of hiPSC-derived adipose progenitors gives rise to adipocytes displaying beige markers and a functional beige adipocyte response. Mesodermal induction of hiPSCs in hematopoietic medium introduced in our protocol may favor a thermogenic adipose phenotype. In accordance, human beige adipocytes develop in association with capillary networks, and angiogenesis regulates beige adipocyte differentiation via a paracrine mechanism (10, 31) . In addition, BMP4, used for mesodermal induction in our protocol, may direct adipocytes toward a beige phenotype, as demonstrated for human adult preadipocytes (32) . Beige adipocytes are likely present, albeit in small amounts, in various human adipose depots and may constitute an important subset of thermogenic cells in adults (2,3) . The scalability of our protocol makes it a valuable tool to provide an unlimited source of cells to model beige adipose tissue development and physiology, and for metabolic investigations, including therapeutic screening.
